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Abstract 
A briefing document was prepared two years ago as the basis for dialogue with regulators with responsibilities in the area of 
CCS. Risk assessment was discussed under a number of headings, in particular assessment timeframes, acceptable leakage rates, 
risk assessment methodologies, modelling and uncertainty, monitoring, and the role of natural and industrial analogues. These 
topics are re-visited, taking into account developments that have occurred since the original document was prepared. In addition, 
developments in regulatory activities and how they are responding to the growth of CO2 storage projects, both pilot and large-
scale, are examined. 
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1. Introduction 
Carbon capture and storage (CCS) involves capturing anthropogenic CO2 from sources such as coal-fired power 
plants or manufacturing industries (e.g., iron and steel or cement manufacture), and injecting the CO2 into deep 
geological formations such as depleted oil and gas fields, saline aquifers, and coal beds. The focus of this paper is on 
the special challenges of the geological storage aspect of CCS projects, since the operational phase of CO2 capture 
and associated risks are similar to those of routine engineering or industrial projects and the risk assessment needs 
are also similar (see, for example, Pacala 2003). 
Geological CO2 storage has been carried out as a component of industrial-scale projects for over 10 years; in 
particular, the Sleipner Project in the North Sea, operated by Statoil (<http:// //www.statoil.com>), which involved the 
stripping of CO2 from natural gas and its injection into a saline formation under the North Sea, and the more recent 
In Salah Gas CO2 Storage Project in Algeria (Wright, 2005), similar to Sleipner but onshore. Most storage-relevant 
projects that have been carried out so far involve enhanced-oil-recovery (EOR), e.g., the IEA Weyburn CO2 
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Monitoring and Storage Project (Wilson and Monea, 2004), acid gas injection in Canada (Bachu and Gunter, 2004), 
or as pilot or feasibility studies, e.g., the Frio Brine Pilot Project (Hovorka et al., 2003). 
Risk is the likelihood of suffering harm from some activity. More formally, risk equates to the product of 
probability that some event will occur and the consequences of that event if it does occur. In a broader context, risk 
assessment is simply an assessment of the safety of a certain activity, in this case geological CO2 storage. Holloway 
(1997) was one of the first researchers to discuss safety aspects of geological storage. More recently, Damen et al. 
(2003) provide a good discussion of potential health, safety and environmental (HS&E) risks in this field. 
A Briefing Document was prepared two years ago as the basis for dialogue with regulators with responsibilities 
in the area of CCS (Stenhouse et al., 2006). Risk assessment was discussed under a number of headings, including:  
• Timeframes; 
• Acceptable leakage rates; 
• RA methodologies; 
• Modelling and uncertainty; 
• Monitoring; 
• The role of natural and industrial analogues. 
The above topics are re-visited, taking into account developments that have occurred since the original document 
was prepared. In addition, developments in regulatory frameworks in the context of risk assessment are reviewed. In 
this paper, migration refers to the general movement of CO2 (in any direction) away from its storage reservoir, 
whereas leakage is specific to upward movement of CO2 to the surface/near-surface environment, where the major 
environmental impacts are expected to occur. Release refers to the loss or return of CO2 to the atmosphere. 
2. Timeframe of assessment 
Two major environmental concerns are relevant to CCS projects: 
• The need to keep the CO2 underground so that the gas does not contribute to increased atmospheric CO2 
concentrations and global warming (global impacts and the idea of permanence or storage performance); 
• The need to avoid harmful HS&E impacts (localised impacts). 
The requirements of risk assessment will vary according to which of the above is being addressed, although the 
two concerns are not mutually exclusive. Importantly, each of these concerns has a timeframe associated with it 
(Stenhouse et al., 2005a). 
On the issue of permanence and mitigation of climate change, IPCC noted that “action would be needed for many 
decades or centuries” (IPCC, 2000), and more recently indicated elevated atmospheric CO2 levels over the “long 
term”, expressed in terms of centuries (IPCC, 2005). For HS&E impacts, the time estimates for the associated risks 
range from hundreds of years up to 10,000 years. As long as reservoirs contain large volumes of CO2, the potential 
exists for CO2 to leak to the surface and cause some detrimental effect within the surface / near-surface environment. 
On the other hand, a range of processes will act to keep CO2 underground, including dissolution of CO2 in deep 
formations (solubility trapping leading to ionic trapping) where groundwater flow is negligible, and mineralization 
reactions (mineral trapping), although the timeframes for such processes can be long - thousands of years at a 
minimum (Gunter et al., 2004; Ennis-King and Paterson, 2003). 
Published assessment results or long-term simulations typically show predictions out to several thousand years 
(Ennis-King et al. 2005; Zhou et al., 2005a; Lindberg and Bergmo, 2003). The likelihood is that different CO2 
storage projects will rely to different extents on the underlying retention mechanisms (physical barriers, dissolution, 
mineral precipitation) and this will be reflected in the timeframes that need to be covered by risk assessments in 
order to predict safety, whether centuries to thousands of years, i.e. safety will be evaluated on a case-by-case basis. 
For this reason, there appears to be no need to define a timescale more accurately. 
3. Leakage and acceptable leakage rate 
While the goal of geological CO2 storage is to store the injected CO2 underground permanently, i.e., avoid 
leakage, there are likely to be projects where some CO2 leakage occurs. Acceptable rates of leakage have in the past 
been expressed as a percentage of the total volume injected and typically range from 0.01% per year (1% over 100 
years) to 0.001% per year (1% over 1000 years) (e.g., Bowden & Rigg, 2005; Shuler & Tang, 2005). However, for 
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any fixed percentage value, the scale of a storage project (i.e., mass of CO2 injected) determines the amount of CO2 
leaking, with a consequent difference in local HS&E impacts. Thus, while leakage rates of 0.01% per year or less 
have been shown to be necessary for long-term climate benefit (Enting et al., in press), it seems more appropriate to 
discuss acceptable leakage and resultant environmental impacts in terms of a leakage rate.  Such rates can also be 
used to derive total volume lost and to estimate concentrations (Etheridge et al., 2005; Leuning et al., 2008).  
Thus, the risk output from a risk assessment study will depend largely on the rate of release of CO2, if any, to the 
atmosphere (relevant to greenhouse gas reduction), as well as CO2 leakage to a number of environmentally-sensitive 
end points (e.g., potable aquifer, dwellings, agricultural settings – relevant to localized HS&E impacts). As one 
example, Mahasenan et al. (2003) discuss a risk and consequence assessment methodology that uses CO2 fluxes as 
the key measures of risk, with consequences identified for a variety of end-points: humans, animals, biota, 
agriculture, and water resources.  
4. Risk assessment methodologies 
A number of different assessment methodologies have been, and are being applied, to CCS-related projects, some 
of which are regarded as qualitative, and some as quantitative. Such terminology is rather loose and often signifies 
different things to different people. Thus, reviews of assessment results need to examine the underlying assumptions 
and the degree to which site-specific data are used as input to assessment calculations. The main methodologies 
being used are: 
• Scenario analysis, whereby scenarios, or different representations of how a CO2 storage system might evolve, are 
analysed in terms of CO2 migration/leakage. Scenarios are generally supported by a consideration of features, 
events and processes (FEPs) that are relevant to possible CO2 migration and are used to describe the storage 
system and scenarios (Wildenborg et al., 2005; Maul et al., 2005). The scenario approach was used for the 
Weyburn Project (Stenhouse et al., 2005b). 
• Fault / event tree analysis, whereby a network of pathways for CO2 release and migration starting from the 
storage reservoir and ending at a particular point of interest, is evaluated as a combination of possible steps, 
normally in a probabilistic manner. Probabilities are attached to each component path of each tree. 
• Expert judgment, whereby the opinions of those with relevant experience and expertise in a specific area, are 
sought to ‘derive’ the likelihood of leakage and to estimate its specific characteristic (CO2 leakage flux/rate, 
cumulative release). A variation of this approach was used within the GEODISC project (Bowden and Rigg, 
2005) in which the consequences were evaluated for a range of different factors (including stakeholder 
acceptance, legal claims, HS&E impacts) as well as the likelihood of these consequences occurring. This 
approach yielded a semi-quantitative Risk Quotient and was used in Australia to assess and compare different 
sites for geological CO2 storage. 
• Screening-level analysis can be useful in comparing the safety characteristics of different sites. One example of 
this method, a spreadsheet-based analysis, has been used to assess and compare HS&E risks from a number of 
potential CO2 sequestration sites (Oldenburg 2005). This qualitative approach is also based on expert opinion to 
evaluate the performance of each barrier between the storage reservoir and the biosphere (primary and secondary 
containment as well as the ability to attenuate CO2 leakage), and allows for uncertainties. 
It is fair to say that whatever the method used, there is always some degree of expert opinion involved. 
5. Risk assessment modelling and uncertainty 
In parallel with methodologies, a variety of approaches are available for mathematical modelling, which can be 
classified under three general categories, viz. 
• Numerical models, which use discretization methods to model detailed processes describing the system evolution 
over space and time. Several commercial simulators developed for the oil&gas industry have been adapted for 
CO2 sequestration purposes (e.g., Schlumberger / GeoQuest 2004), as well as public domain codes, e.g., 
TOUGH2 (Pruess 2005). A perceived drawback with numerical models that make use of discretization is the 
need to upscale and the effect of this upscaling on the appropriateness of parameter values. In this context, one 
notable difference between numerical modelling for petroleum exploration and geological CO2 storage 
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predictions is that the accuracy of the former predictions is critical in terms of knowing where to drill, whereas 
predictions of geological CO2 storage and potential CO2 migration do not need to be as demanding. 
• Analytical / Semi-analytical models are mathematical models in which the solution to the equations used to 
describe changes in the system can be expressed as an analytical or semi-analytical function, typically as a 
function of time in the case of RA for CCS projects Analytical models are often advantageous in solving a sub-
system of the total system, e.g. wellbore leakage (Celia et al., 2005). 
• Compartment or mixing-cell models cover a large family of models, where the model comprises a series of 
individual compartments representing different physical domains of the total storage system. Such models vary in 
their degree of complexity, this being linked to the number of cells or compartments. 
In principle, all of the above models can be run deterministically or probabilistically. In the former case, one or 
two values (e.g., ‘best estimate’ and ‘pessimistic’ values) are used for each input parameter. For probabilistic 
treatments, parameter uncertainty is represented in terms of ranges or distributions of at least the key parameters. In 
practice, numerical models are complex and normally need to be used deterministically to reduce computing time. A 
hybrid approach was used in Phase 1 of the Weyburn project, in which the geosphere was assessed deterministically 
and well-bore leakage was treated in a semi-probabilistic fashion (Zhou et al., 2005b). 
To date, a fully-integrated risk assessment, which links CO2 leakage from the storage reservoir to an evaluation 
of end-points such as HS&E impacts has not been carried out for CCS-related projects, although models developed 
for such an integrated approach are now starting to be applied successfully, e.g. Maul and Benbow (2008). 
Similarly, the safety aspects of geological CO2 storage, while highly important, are not the only topic for 
consideration in risk assessment. In particular, prior to projects being initiated, economic and social aspects are 
major influences on whether a project goes ahead. In New Zealand, a risk assessment method under development is 
aimed at incorporating all of the important aspects of a geological CO2 storage project, including safety, economic, 
social, political and engineering inputs (Gerstenberger et al., 2008). 
With regard to uncertainty, several types feature in risk assessments: 
• Parameter uncertainty, associated with input parameters, is commonly recognized and addressed in modelling 
approaches. Sensitivity analysis helps to identify key parameters – those that have a significant impact on the 
output (e.g., CO2 leakage rate or concentration). In probabilistic modelling, parameter uncertainty is represented 
by probabilistic density functions (PDFs). Thereafter, probabilistic analysis involves typically thousands of 
simulations by randomly sampling parameter PDF’s (Monte Carlo approach), generating a corresponding 
distribution for the calculated result (impact/consequence). 
• Conceptual model uncertainty, concerning how the real world is represented and abstracted. For example, 
schematic diagrams that are typically shown of geological cross-sections represent only one interpretation of the 
geological information and data and certainly are unlikely to accurately represent the real system. Faults or 
fracture zones may exist, too small in dimensions to have been recognized or identified by site characterisation 
methods. For this reason, possible alternative conceptual models should be explored to reflect uncertainties in 
conceptual model representation. Such alternatives are not always factored into risk analyses. 
• Modelling uncertainty, concerning the underlying mathematical modelling and its inherent assumptions, e.g., 
boundary conditions. Again, upscaling is a particular challenge when modelling CO2 migration in the geosphere, 
especially with CO2 in the gas phase. Modelling uncertainty can be assessed qualitatively by comparison of 
results from different mathematical models, via benchmarking exercises (e.g., Pruess et al., 2003), which are 
recommended to enhance modelling credibility and confidence.  
• Scenario/event uncertainty: relating to whether scenarios/events representing all potential hazards have been 
identified and analysed. 
Specific uncertainties relevant to some CCS-related projects concern particularly wellbores, with locations and 
wellbore characteristics as a key area of uncertainty. The number of wells may be well defined with good datasets in 
some regions, but less so in other areas. Substantial uncertainty is also associated with the timeframes for well-bore 
degradation processes, including geo-mechanical damage, hydro-chemical damage, and chemical degradation of 
cement or steel (Moreno and Chalaturnyk, 2005). 
Although there are many uncertainties associated with natural systems, there are also a variety of techniques that 
can be used to address these uncertainties. The adequacy of a risk assessment, and how quantitative the assessment 
is regarded, will depend to what extent the above types of uncertainty are addressed in calculations. 
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6. Role of Monitoring 
Monitoring has been, and continues to be, a major aspect of geological CO2 storage projects. Monitoring and 
detection of CO2 leakage to the surface / near surface are key to ensuring and demonstrating the safety and 
effectiveness of geological CO2 storage, contributing significantly in this way to confidence building. In the context 
of risk assessment, monitoring should be used to: 
• Provide baseline data, which, as well as providing data that can help to distinguish project-related CO2 releases 
from background, can be used as initial conditions to risk assessment modelling input.  
• Verify and validate modelling predictions concerning (short-term) CO2 migration, thereby helping to calibrate 
long-term predictions of risk assessment models. Such an exercise is similar to the benchmarking typically 
carried out for numerical simulations involving oil reservoir production. Given the long timescales associated 
with modelling and its predictions, the challenge for short-term monitoring results, e.g., over several years, is to 
be able to provide acceptable verification.  
Many monitoring techniques are site dependent, such as offshore, onshore, shallow, or deep formations. Pearce et 
al. (2005) provide a good summary of monitoring techniques and Benson et al. (2004) discuss specific applications 
for different purposes. Ultimately, detection limits will determine which techniques are appropriate. 
7. Role of Natural Analogues 
In a general way, natural and industrial analogues can be used to build confidence among stakeholders, in 
particular among regulators and the general public that CCS can be carried out safely and effectively. Over the past 
decade, a number of studies have been carried out involving natural and industrial analogues and what aspects can 
provide useful information for geological CO2 storage. 
In the context of risk assessment, studies of natural CO2 accumulations that have remained in place for millions 
of years help to identify the key features that contribute to this log-term confinement. Similarly, studies of natural 
CO2 occurrences where leakage has occurred can provide useful information relevant to risk assessment for 
geological CO2 storage. For example, the highly-faulted Latera caldera, a leaking natural site within a geothermally-
active region of central Italy, has been studied in detail for decades. The CO2 is constantly being produced deep 
underground (> 2,000 m), but not all CO2 leaks to the surface. Soil gas measurements indicate that leakage pathways 
are highly localised, through narrow gas vents. As a result, CO2 migration through these gas vents generates only 
small areas of leakage at the surface (Annunziatellis et al., 2008; Beaubien et al., 2008). Importantly, the impacts of 
leaks, primarily on vegetation around the gas vent, are also restricted to small areas around the vents. 
8. Regulatory Framework 
Significant advances have been made to regulations governing geological CO2 storage over the past few years. 
In the United States, the U.S. Environmental Protection Agency (EPA) issued Class V Experimental Technology 
Well Guidance for pilot sequestration projects in March 2007 (Dougherty and McLean, 2007). Class V wells are 
intended to “demonstrate unproven but promising technologies” and are different from the Class II well 
classification that is applied routinely to EOR projects. The intention of this Class V Guidance is to fulfil the short-
term need in providing regulatory guidance to state and regional Underground Injection Control (UIC) programme 
staff responsible for issuing permits for pilot studies for geological storage projects. 
Key features of the guidance is the specification of the Area of Review (AoR) (the area both horizontally and 
vertically, likely to be influenced by injection activities, which closely relates to the area to be modelled/monitored), 
addresses injection well construction, identifies the need for a monitoring program to support the injection studies, 
and identifies possible monitoring targets. 
More recently, in July 2008, USEPA published a Proposed Rule for Federal Requirement under the UIC Program 
for Carbon Dioxide geologic sequestration wells (USEPA, 2008). The main difference between the pilot study well 
classification and the proposed rule is the scale of the storage project. The Proposed Rule discusses potential 
environmental impacts in terms of human health and ecosystems, although it does note that “EPA considers that risk 
of asphyxiation and other chronic and acute health effects from airborne exposure resulting from CO2 injection 
activities…..is minimal.” 
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The Proposed Rule discusses key issues such as whether CO2 should be considered as a hazardous waste or 
hazardous substance and resolves this problem by defining a ‘carbon dioxide stream’ to “exclude hazardous 
wastes”. The rule identifies four alternatives for developing regulations for geological storage, ranging from non-
specific performance-based requirements to more proscriptive requirements addressing site characterisation, AoR 
modelling, well construction, monitoring and testing. EPA recommends Alternative 3, a Tailored Requirements 
Approach, which identifies technical standards for some aspects of geologic storage including siting requirements, 
AoR evaluation including scope for re-evaluation, modelling, well construction and completion requirements, and 
injection well operational requirements. The Proposed Rule also allows some flexibility for those responsible for 
authorizing large-scale projects, e.g. EPA does not specify a minimum depth for injection, but only requires that the 
injection depth be below the deepest formation containing drinking water. No specific risk assessment methods or 
modelling techniques are mentioned other than multi-phase modelling, which is used routinely in support of other 
areas of responsibility under the UIC programme. 
With regard to geological CO2 storage and the marine environment, a Risk Assessment and Management 
Framework for CO2 Sequestration in Sub-Seabed Geological Structures was published under the auspices of 
OSPAR / London 1996 Protocol, both associated with the protection of the marine environment (IMO, 2007). The 
framework provides general guidance to contracting parties to the London Convention and London Protocol. Six 
key stages are identified within the framework and discussed, viz. 
• Problem formulation (identifies scenarios and pathways to be considered); 
• Site selection and characterization; 
• Exposure assessment (exposure pathways); 
• Effects assessment (primarily human health, marine resources, and marine ecosystems); 
• Risk characterization (combines exposure and effects assessments to provide likelihood of adverse impacts); 
• Risk management, which includes monitoring before, during, and after CO2 injection, as well as mitigation 
actions. 
The document (IMO, 2007) is probably the most detailed in terms of identifying and discussing the different 
elements of a risk assessment framework, which are generic enough to be able to be applied to onshore and other 
geological CO2 storage projects. Importantly, risk assessment is only a component of the overall risk management. 
In Europe, two EU Directives require the assessment of the impacts of major projects on the environment before 
they can be authorized: 
• Strategic Environmental Assessment (SEA) Directive, relating to proposed plans and programmes; and 
• Environmental Assessment Directive, which requires that the environmental consequences of individual projects 
are identified and assessed before authorization is given, in particular the direct and indirect effects of a project 
on (i) human beings, fauna and flora; (ii) soil, water, air, climate and the landscape; (iii) material assets and the 
cultural heritage; and (iv) the interaction between the above factors. 
In 2008, the European Community published a draft Directive that focusses on safety aspects of the geological 
storage technology and on the removal of regulatory barriers to widespread deployment of this technology (CEC, 
2008). The Directive outlines a regulatory framework addressing the division of responsibilities between EC and 
Member States. Criteria for assessing the safety of a storage site, including potential risks associated with leakage or 
other "significant environmental or health impacts", are set out in an Annex, which includes guidelines for assessing 
geological characteristics, for setting up computerised storage simulations, and for assessing potential risks. The risk 
assessment is framed in a similar way to that associated with OSPAR / London Protocol, with a hazard 
characterization step followed by exposure assessment, effects assessment and risk characterization. Guidelines for 
site monitoring are also contained in an Annex to the draft. 
In spite of European Community efforts, there appears to be some confusion whether an SEA for geological CO2 
storage will be a legal requirement under the EU Directive on Strategic Environmental Assessment (Gao, 2008). 
With regard to environmental impact assessment, the characterization of environmental impacts was identified by 
the geological CO2 storage risk assessment community as an area needing more information / data in order to 
provide a more comprehensive assessment of potential impacts. Already, however, there has been a good response 
within the research community in terms of the number of studies that are attempting to identify the impacts of 
importance and to determine how they may be evaluated quantitatively (Pearce and West, 2007). 
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9. Summary 
It is almost four years ago since the IEA GHG established a Risk Assessment Network, which provides a 
valuable forum for exchanging information on all aspects of risk assessment, and for identifying areas where 
information/data is lacking. An additional objective is to present a unified approach in order to enhance public 
acceptance. Meetings held over the intervening years have focussed on several approaches / methodologies that can 
be, and have been, applied to the assessment of risks for geological storage projects. The outcome from such work is 
that different approaches have been used successfully to the extent that no significant development work is 
considered necessary in this area. On the other hand, some effort is required to improve public understanding of the 
methods being used. What is also needed is practical experience in terms of large-scale CO2 storage projects, so that 
a database of assessments, including monitoring and verification data, can be compiled and demonstrated. 
Regulators have been working towards providing suitable frameworks under which storage projects can be 
authorised or permitted. In the USA, for example, the EPA is now close to finalising regulations that will cover full-
scale storage projects, with guidance already in place for pilot study projects. Elsewhere, particularly within the 
European Union, a draft Directive on geological CO2 storage has been proposed and is likely to be finalised by the 
end of 2008, and the assessment process described within this document will provide a suitable framework for 
gauging the safety of storage projects. In addition, the Strategic Environmental Assessment Directive is likely to 
provide a legal basis for authorising programmes involving several storage projects, thereby reducing the time and 
effort required for authorising individual projects. With the scale of projects in terms of number and size (injected 
CO2 volume) needed to achieve the necessary reduction in atmospheric CO2 emissions, success of this mitigation 
option will require a relatively straightforward authorization process. 
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